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(57) The present invention relates to a novel 
method of manufacturing cartx)n nanotubes and a 
method of manufacturing a nanotube film that is com- 
posed of a multitude of cartjon nanotubes so oriented 
as to extend along a thidaiess direction of the film. The 
present invention further relates to a structure equipped 
with a caft>on nanotube film formed on a surface of a 
base plate portion, in the method of the present inven- 
tion, SiC is heated under vacuum to remove silicon 
atoms from the StC» whereby the cartx>n nanotubes are 
formed at a portion of the SiC where the silicon atoms 
have been removed. This method makes it possible to 
manufacture carbon nanotubes with high ylekds as well 
as'high^purifyrThe:carbon?nanotubes formed according 
to this method tend to be oriented perpendicularly to the 
surface of the SiC crystal. Thus, it is possible to obtain a 
nanotube film composed of the aforementioned carbon 
nanotubes with a high degree of orientation. This 
method facilitates the manutacture of a nanotube film 
with a large area. 
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Description 
TECHNICAL FIELD 

10001 1 The present Invention relates to a method of 5 
manufacturing caribon nanotubes and a method of man- 
ufactunng a cartoon nanotube film that is composed of a 
multitude of carbon nanotubes well oriented along a 
thickness direction thereof. The present invention fur- 
ther relates to a structure equipped wHh a carbon nano- w 
tube film formed on a surface of a base plate portion. 

BACKGROUND ART 

[0002] A carbon nanotube is composed of a plurality rs 
of cylindrically rolled graphite films that are arranged tel- 
©scopically. Conventionally, there Is generally proposed 
a method of manufacturing carbon nanotubes. wherein 
amoiphous carbon as a raw material is subjected to arc 
discharge, laser radiation or the tike under the almos- so 
phere of an Inactive gas to evaporate carbon and the 
thus-evaporated carbon is condensed oil (recomblned 
with) a caibon rod or the like to cause carbon nanotubes 
to grow thereon. 

[0003] According to the aforementkmedmanufactur- 2s 
ing:method;.aroorphQus.caiboa graphite and fiillerene 
are fbrmed.on the carbon rod or the like in addition to 
the carbon^nanotubes. Hence, several manufacturing 
methods have been proposed to increase yields of car- 
bon nanotubes or enhance productivity tfiereof. For 3o 
example. Japanese Patent Publication No 254651 1 dis- 
closes a method of synthesizing fullerene and carbon 
nanotubes by means of high frequency plasma, and 
Japanese Patent Application Uid-Open No. HEI 6- 
280116 discloses a method of manufacturing carbon 35 
nanotubes wherein arc discharge is carried out within a 
specific pressure range, 

[00041 However, according to bo»i the albrementioned 
methods, carbon nanotubes are formed by condensedly 
recombining carbon vapor. Thus, to evaporate carbon 40 
whose boiling point is extremely high. H Is necessary to 
achieve a high temperature approximate to SOOO^'C. The 
manufacture of cartaon nanotubes Is conducted under 
such harsh conditions, so that ft Is ditricult to keep the 
amount of products other than carbon nanotubes below 45 
a certain level. The conventional method of causing car- 
bon nanotubes to grow from carbon vapor is also disad- 
vantageous In that carbon nanocapsules tend to be 
generated and attached to a outer periphery of the car- 
bon nanotubes. ^ 
[00051 On the other hand, rt has been expected to dis- 
cover a new usage of carbon nanotubes in the fields of 
electronics, material separation films and the like by 
obtaining a "carbon nanotube film" that is corrposed of 
a multitude of carbon nanotubes well oriented to extend 55 
along a thickness direction of the film. However, accord- 
ing to the aforementioned method, it is difficult to control 
the direction in which the carbon nanotubes grow. In 



particular, it is virtually impossible to obtain a film that is 
composed of a multitude of carbon nanotubes well ori- 
ented along a certain direction. 
[0006] ft is an object of the present invention to pro- 
vide a novel method of manufacturing carbon nano- 
tubes. 

[0007] ft is another object of the present Invention to 
provide a method of manufacturing a film that is com- 
posed of a multitude of carbon nanotubes well oriented 
along a certain direction (hereinafter refen-ed to as a 
"nanotube film"). 

[0008] ft is still another object of the present invention 
to provide a structure equipped with a nanotube film 
fomied on a surface of a base plate portion. 

DISCLOSURE OF THE INVENTION 



[0009] In the case where a silicon carbide (SIC) crys- 
tal is heated under vacuum, for example, at a degree of 
vacuum of about 10*^ Torr. ft has been known that the 
SiC crystal becomes decomposed and lost silicon 
atoms when the heating temperature exceeds about 
1400X. In this state, the silicon atoms are sequentially 
removed from a surface side of the SiC crystal. In other 
words, the surface of the SiC crystal is first changed into 
a layer which is devoid of silicon atoms, l.e. a layer 
solely composed of the remaining caibon atoms (here- 
inafter refen-ed to as an "Si removed layer^. Then, the 
tfilckness of Si removed fayer increases in such a rnan- 
ner as to gradually permeate the interior of the original 
SiC crystal, ft has been conventionally considered that 
the carbon atoms constituting the aforementioned Si 
removed layer are efther In an amorphous state or 
equivalent to a normal graphfte layer. 
10010] Entirely unexpectedly, however, the inventors 
of the present invention have discovered for the first 
time that the carbon atoms constituting the SI removed 
layer constitute carbon nanotubes, by observing the Si 
removed layer using a transmission electron mtoro- 
scope (hereinafter refenred to as a TEM*^. 
[0011] Furthermore, the inventors have discovered 
that a nanotube film that is composed of carbon nano- 
tubes well oriented along a given direction can be 
obtained by heating a SiC crystal under vacuum, and 
thereby put an end to the present invention. 
[001 2] In other words, a method of manufacturing car- 
bon nanotubes as set forth In claim 1 is characterized In 
that silicon atoms are removed from a SiC crysfal due to 
a heating process of the SiC crystal under vacuum. 
[001 3] As long as the silicon atoms can be removed 
from the SiC crystal, the manufacturing method of the 
present Invention does not require any specific degree 
of vacuum or heating tempemture. For example, the 
cartx)n nanotubes can be formed at a degree of vacuum 
ranging from lO"® to lO'''^ Torr. As set forth in claim 2. 
Jhe degree of vacuum ranges preferatrfy from 1 0*^ to 1 0* 
^ Torr (more preferably, from lO'^ to 10"^ Torr). Further- 
more, as set forth in claim 3. the heating temperature 
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ranges preferably from 1200 to 2200'C (more prefera- 
bly, from 1400 to 2000'C). If the heating terrperature is 
too high, carbon nanotubes are so formed as to canni- 
balize each other, resulting in a case where some of the 
tubes absorb other tubes to further grow. There is also 5 
a case where a disorderly arranged graphite phase is 
formed. These cases are unfavorable because the size 
of the cartx)n nanotubes cannot be controlled with easa 
[001 4] The aforementioned SiC crystal used In manu- 
facturing carbon nanotubes may be any of a-SiC. p-SIC 10 
and the mixture thereof. In a stage where silicon atoms 
are removed due to the heating process carried out 
under vacuum, the SiC crystal may assume a state of 
any of a-SiC. p-SIC and the mixture thereof. 
[001 5] According to the manufacturing method of the is 
present invention, as the process of removing silicon 
atoms proceeds, the Si removed layer gradually 
spreads out from a surface to a central portion of the 
SiC crystal and carbon nanotubes are formed thereon. 
It is also possible to form carbon nanotubes over the 20 
entire SiC crystal that is used as a raw material. How- 
ever, if the Si removed layer becomes too thick, the 
removal rate of silicon atoms decreases and thus lowers 
manufocturing effictency. If the heating tenperature or 
the degree of vacuum Is set too high so as to increase ss 
the removal rate of sllioon atoms, It becomes difficult to 
control the sin of the cartxm nanotubes. 
[0016] The method of manufacturing carbon nano- 
tubes as set forth in claim 1 makes it possible to obtain 
carbon nanotubes that are free from adhesion of carbon 30 
nanocapsules. As long as the TEM is used, there is no 
by-product such as amorphous carbon, graphite or 
fullerene observed In the Si removed layer. Accordingly, 
the manufacturing method of the present invention 
makes It possible to obtain cartx>n nanotubes with con- ss 
skierably high yields as well as high purity. In addition, 
as compared to the conventional methods, the manu* 
facturing method of the present invention allows the 
manufacture of carbon nanotubes at a lower tempera- 
ture and is therefore advantageous In terms of energy 40 
efficiency Furthermore, it has been revealed from 
results obtained from EDS (energy dispersive x-ray 
spectroscopy) and EELS (electron energy loss spec- 
troscopy) analysis that cari:>on nanotiises with very high 
purity are formed. 45 
[0017] The thus-obtained carbon nanotubes can be 
used for a variety of purposes, as is the case with those 
obtained according to the conventional methodsr For 
example, the carbon nanotubes are used as adsorb- 
ents, strong structural materials or the like. The carbon so 
nanotubes can be subjected to further processings. For 
exarrple. It is possible to provide respective tips of the. 
carton nanotubes with openings and subsequently 
introduce a sitetance other than cartxm to the carison 
nanotubes from the openings thereof, or to introduce ss 
functional groups into the carbon nanotukies. The thus- 
processed carbon nanotubes can be used for quantum 
fine lines and the like. 



[0018] It is to be noted herein that Japanese Patent 
Application Laid-Open N . HEI 6-227806 and the like 
disclose a method of opening respective tips of cariwn 
nanotubes and that Japanese Patent Application Laki- 
Open Na HEI 8-1231 0 and the like disclose a method of 
introducing fiinctfonal groups to cartx)n nanotubes. 
[001 9] An essential advantage of the manufacturing 
method of the present invention consists In the capabil- 
rty to manufacture a "nanotube film". 
[0020] That is, the manufacturing method as set forth 
in daim 4 relates to a method of manufacturing a carbon 
nanotube film that is composed of a multitude of cariix)n 
nanotubes so oriented as to extend along a thickness 
direction of the film and is characterized in that silicon 
atoms are removed from a SiC crystal due to a heating 
process of the SiC wystal under vacuum. 
[0021 1 For example, the aforementioned manufactur- 
ing method makes it possible to obtain a nanotii>e film 
wherein 50% or more (more preferably. 70% or more) of 
the caibon nanotubes constituting the nanotube film 
extend along such a direction as to form 45<* or less 
(more preferably. 30» or less; and still more preferably. 
15» or less) with a thictaiess direction of the nanotube 
film. 

[0022J As set forth in daim 5, the degree of vacuum in 
renx>ving silicon atoros-from.ihe--SiC-crystatpreferably 
ranges from 10"® to 10*® Ton- (more preferably, from 10' 
^ to 10-® Torr). As set forth in daim 6. the heating tem- 
perature in removing silicon atoms from the SIC crystal 
preferably ranges from 1400 to 2000*»C. If the heating 
temperature or the degree of vacuum exceeds the prer 
determined range, silicon atoms are removed from the 
SiC crystal at a high rata Thus, the orientation of the 
carbon nanotubes constituting the nanotut>e film tends 
to become disorderly. If the heating temperature Is too 
high, caftx)n nanotubes cannibalize each other, result- 
ing In a case where some of the tubee absorb other 
tubes to further grow. There Is also a caae where a con- 
tinuous growth of the disorderiy graphite phase pre- 
vents caitxkn nanotubes - fh>m being formed. 
Consequently, the orientation and size homogeneity of 
the ca/bon nanotubes may be adversely affected, or it 
becomes d'rfficutt to control the size of the tubes. There- 
fore, the heating temperature should not be too high. 
[0023] The manufacturing method of the present 
invention makes it possible to form a nanotube film on 
all the planes of the SiC crystal, which is used as a raw 
material:cln:a:n anotut>eiiIm fbrmedionf each^afane of th e 
SIC crystal, the cartx)n nanotubes constituting the nan- 
otube film tend to be oriented perpendiculariy to that 
plana To obtain a well-oriented nanotube film, the 
(0001) plane Is suitable in the case of a-SIC and the 
(1 1 1) plane is suitable in the case of p-SiC. It is possible 
to form on these planes, a cartoon nanotube film with a 
high degree of orientation afong the directions [0001] 
and [111] respectively. 

[0024] However, the relationship between the crystal 
plane and the orientation of carbon nanotubes is 
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unclear in the central portion of a SiC crystal particle, so 
that the orientation of carbon nanotubes is adversely 
affected. Ihus, with a view to obtaining a well-oriented 
nanolube films it is preferable to generate the nanotube 
film in the vicinity of the surface of the SiC crystal. For 
example, in the case where the SiC crystal is p-SiC in 
the shape of a cube having a side of 2.0^, the easy 
obtainment of a well-oriented nanotube film requires 
that the film have a thickness smaller than QS^im. How- 
ever, this does not apply to the case, where silicon atoms 
are essentially removed from one side of the ayslal 
e.g. the case where a SiC crystal in the shape of a flat 
plate is formed on a substrate Impervious to Si gas. By 
heating the carbon nanotubes for a long period of time 
at a low temperature, for example, at 1500«C, It is also 
possible to Increase the lengtfi of the carbon nanotubes 
and thus the thickness of the nanotube film. 
10025] It will now be described with reference to Rg. 1 
how a nanotube film is formed on the (111) plane of p- 
SiC according to the manufacturing method of the 
present invention. 

[00261 tf p-SiC is heated to 1400«C using laser beam 
radiation means or the nke, fbr example, at a degree of 
vacuum of 10 ^ Torr as shown In Rg. i(a). Si escapes 
from the SIC particle and enters a gas phase as shown 
in Rg. 1ft)), whereby a sIHcon (SI) removed layer is 
formed In the vicinity of a surfece of the SiC particle In 
this st^e. as shown In Rg. i{c). caibon nanotubes with 
a high degree of orientation along the direction [1 1 1] are 
densely fomied on ttie Si removed layer 
(00271 According to the metfiod of manufacturing a 
nanotube film as set forth in claim 4, a nanotube film 
that Is composed of a multitude of carbon nanotubes 
well oriented along a thickness direction of the film can 
be obtained. For example, since this nanotube film 
exhibits a certain level of conductivity In the thickness 
direction thereof but littie conductivity in a fece direction 
thereof, it can be used as a device or the like. In addi- 
tion, since tfie nanotube film exhibits a high degree of 
homogeneity, It Is also useful as a new device, a devkse 
utilizing quantum effects or the like. Besides, the nano- 
tube film is also applicable to field emmitas, a flat-panel 
display and the like. 

[0028] Furthermore, if the tips of the respective tubes 
constituting tfie nanotube film are provided with open- 
ings, a "nanoplpo fUm" wHh a multitude of minute pas- 
sages extending along the thickness direction of the film 
Is fbmied. This-nanopipo^film-is capable^of^functlonlng 
as a high-quality material separation film. In this type of 
matenal separation film, it is preferable ttiat the afore- 
mentioned passages be arranged as neatiy as possible 
so as to reduce tiie resistance resulting from material 
flow. The manufacturing method of the present inven- 
tion makes it possible to obtain a nanotube film with a 
high degree of orientation. Therefore, the nanopfpe film 
witti a high degree of orientation, which is made from 
the nanolube film, is suited for use as a material sepa- 
ration film. In addition, functional groi^js may be intro- 



duced to the nanopipe film, whereby it is possible, fbr 
example, to adjust characteristics of material separa- 
tion. 

[0029] Furthermore, the method according to tfie 
5 present invention makes it possWe to obtain a nano- 
tube film that is conposed of densely ananged cariaon 
nanotubes with a high degree of orientation. Thus, it is 
possible to obtain a carbon material suited fbr a nega- 
tive pole of a Irthiumnon battery by providing the cariaon 
10 nanotubes of the nanotube film with openings. In the 
lithium-ion battery, a cartDon-based material such as 
graphite is employed for tfie negative-pole, so that frth- 
lum ions can move among lexers (gaps formed among 
carbon molecules). The material of the present inven- 
15 tion IS obtained by providing the caitxm nanotubes of 
the nanotube film with openings. This material exhtoits a 
large specific surface area because the cartoon nano- 
ti*es are densely arranged, and facilitates migration of 
lithium ions because ttie material is composed of a mul- 
so titude of minute straight pipes witti a high degree of ori- 
entation. 

(0030) Furthemiore. tfie manufacturing mettiod as set 
forth In daim 4 makes it possible to obtain a nanotube 
film with a larger area in comparison vvfth a conventional 
25 one. The manufacturing mettiod as set forth in claim 7 is 
a exan^lerof^auchra^methodHwhtchrenables the manu- 
facture of a nanotube-^film witfi a large area. This 
metiiod is characterized*! ttiat a SIC single crystal film 
is formed on a surface of a substrate and ttie SiC single 
30 crystal film is then heated under vacuum to remove sill- 
con atoms ttierefrom and In that the carison nanotube 
film that Is composed of a multitude of carbon nano- 
tubes so oriented as to extend along a tNckness direc- 
tion of the SiC single crystal film Is formed over at least 

ss a partial tfilckness portion of a surifeice side of tfie SiC 
single crystal film. 

[0031] Fbr example, a material such as a SiC single 
crystal, a cartxwi substrate or ttie like can be used as 
ttie aforementioned •substrate", 
w [0032] In the case where a cartx)n substrate is used, 
for example. Si is implanted into a surt^ce of tfie carbon 
substrate so as to form a SiC phase ttiereon. The SiC 
phase is ttien heated under vacuum to generate carbon 
nanotubes from ttie SIC phase, whereby a nanotube 
<5 film can be obtained. 

[0033] In ttie case where a Si single crystal is used as 
ttie substrate so as to manufacture a nanotube film, far 
axamplB;^ttie-foHowlng mettiod is suited to. be carried 
out. That is» a SIC single crystal film is formed on a sub- 
60 strata composed of Si (1 1 1) single aystals by means of 
a chemical vapor deposition mettiod (hereinafter 
referred to as a "CVD mettiod-). The surface side (i.e. 
the side opposite to the substi-ate) of ttie tfius-obtained 
SiC single crystal fflm corresponds to a (111) plane. 
55 Then, ttie aforementioned substrate, which is more sus- 
ceptible to oxidation tfian ttie SiC single crystal film, is 
partially or entirely removed as SiOj by means of a 
heating process candied out under vacuum. Thereafter. 



4 



EP 0 947 466 A1 



8 



the remajning SiC single crystaJ film is further heated, 
whereby silicon atoms inside the SiC single crystal film 
are removed from the side of the (111) plane. Conse- 
quently, a nanotube film that is composed of cartoon 
nanotubes well oriented along the direction {ill] is 
obtained over at least a partial thickness portion of the 
surface side of the SiC single crystal film. It is also pos- 
sible to form carbon nanotubes extending along the 
direction [1 1 1] over the entire thickness of the SiC single 
crystal film. i.e. from the surfece side to the substrate 
side. 

[0034] It is already known to form a SiC single crystal 
film on a substrate by means of the CVD method. The 
art for forming a SiC single crystal film with a relatively 
large area by means of the CVD method is also known. 
Furthermore, the conventional, art wherein carbon nan- 
otubes are caused to grow by means, of condensation 
of carbon vapor requires a high temperature approxi- 
mate to 3000*^0 and thus employs heating means such 
as arc discharge, laser or the like. In this conventional 
art, it is difficuft to perfbrm a heating process homoge- 
neously over a large area. However, the manufocturing 
method of the present invention does not necessitate a 
heating temperature higher tiian 2000**C and ttius 
employs a normal heating furnace such as an electric 
furnace, an Image furnace (a heating process based on 
condensation of far-infrared rays) or the Ilka Therefore, 
the present Invention makes It possible to heat the 
entire SIC single crystal film wftti a large area relatively 
homogeneously Accordingly the manufacturing 
method of tfie present Invention Is quite useful In manu- 
facturing a nanotube film wHh a large area, which was 
conventionally difficult to manufacture. To function as a 
material separation film suited for practical use, tiie nan- 
otube film is required to have an area equal to or larger 
than 3cm2. Preferably, it is required to have an area 
equal to or larger than Scm^. Consequentiy, the manu- 
facturing mettiod of the present invention which allows 
enlargement of the area of the nanotube film, is suited 
to manufacture a nanotube film used as a material sep- 
aration film. 

[0035] The method of manufacturing a nanotube film 
as set forth in daim 8 is characterized in tiiat a SiC sub- 
strate Is heated under vacuum to remove silicon atoms 
from the SIC sutsstrata and In that the carbon nanotube 
film that is composed of a multitude of cartxjn nano- 
tubes so oriented as to extend along a thickness direc- 
tion of the SiC substrate is formed over at least a partial 
thickness portion of a surface side of ttie SiC substrate. 
[0036] Both a single crystal and a polycrystal can be 
employed as the aforementioned SiC substrate. How- 
ever, if a film with a high degree of orientation is to be 
formed over a relatively large area, it is preferable to use 
the single crystal. The SiC substrate may be any of a- 
SiC, p-SiC and the mixture thereof. In a stage where sil- 
icon atoms are removed due to the heating process car- 
ried out under vacuum, the SiC crystal may assume a 
state of any of a-SiC. p-SiC and the mixture thereof. 



Although the aforementioned SiC substrate is not lim- 
ited to any specific shape, it is usual to use a substrate 
in the shape of a flat plate. 

[0037] In the present invention, it is not completely 
5 dear why carbon nanotubes can be efficientiy manufac- 
tured under easier conditions as compared to the con- 
ventional metiiods and why a nanotube f Im composed 
of wefl-oriented cartoon nanotubes is obtained. How- 
wer, it is inferred that unlike the case where carbon 
fo nanotubes are caused to grow from carbon vapor, the 
graphite constituting cartx>n nanotubes would grow epi- 
taxially in the SiC crystal. 

[0038] The aforementioned Inference, is based on ttie 
fact that the orientation of the SiC crystal is likely to 
IS affoct the degree of orientation. It is considered that car- 
bon nanotubes are generated while inheriting tfie crys- 
tal structure of SiC to a certain extent. 
[0039] Claim 9 relates to a structure equipped with a 
nanotube film. That Is. there is proposed a structure 
^ equipped with a cartxm nanotube film, induding a base 
plate portion and the carix>n nanotube film ttiat is com- 
posed of a multitude of cartxjn nanotubes formed on a 
surface of the base plate portion and oriented so as to 
extend along a tiirckness direction ttiereof, character- 
's ized in that the cariaon nanotube film Is formed by heat- 
ing under vacuum a substrate having at least a surface 
layer composed of a SiC crystal to remove silicon atoms 
from the SiC crystal. 

[0040] It is to be indicated herein that the "substrate 

30 having at least a surface layer composed of a SIC crys- 
tar may be eitiier a substrate having a SIC crystalline 
layer on a foundation layer or a substrate entirely com- 
posed of SiC crystal. In "removing silfoon atoms from 
the SiC crystal' to fomi a nanotube fam. the eilioon 

ss atoms may be removed either from a partial tiiickness 
portion of the surface side of the SiC crystal (i.a a nan- 
otube film is formed firom a partial tiiickness portion of 
the surface side of the SiC crystaQ or from the entire 
thickness of the SiC crystal O e. a nanotube film is 

40 formed over the entire thickness of tfie SiC crystal). 
[0041] The aforementioned nanotube film may be 
formed on only one surface of the aforementioned base 
plate portion, on both the surfaces thereof, or on at least 
one surface and a lateral end (i.e. thickness portion) 

45 thereof. In addition, a nanotube film may be formed 
eitiier over a certain area on the surface of the base 
plate portion or on the entire surface thereof. To form a 
nanotii^e film over a certain area of the surface^oMhOr- 
base plate portion, there is employed a method wherein 

so the substrate is heated under vacuum while a material 
impervious to Si gas is deposited on a predetermined 
portion of the surface of the SiC crystal. By niaMng use 
of the fact that the capacity to generate carbon nano- 
tubes differs depending on the crystal orientation of SiC, 

ss the surface of ttie SiC crystal may be partially cut out, 
for example, into the shape of V so as to change the 
crystal orientation on the surface (i.e. toa\h a plane with 
a high capacity to generate cartoon nanotubes and a 
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plane with a low capacity to generate carbon nanotubes 
may be provided). In this manner, it is possible to form a 
nanotube film over a certain area of the base plate por- 
tion. However, it is usually preferred that a nanotube film 
IS formed on one surface of the base plate portion over 5 
the entire area thereof, from a partial thickness portion 
of the surface side of the SiC crystal. 
100421 Fig. 1 1 (a) is a model view showing a staicture 
la with a nanotube film 13a. Referring to Fig. 11 (a) the 
nanotube film 13a is fbmied on one surface of a base 10 
plate portion 12a conposed of SiC over the entire area 
thereof, from a partial thickness portion of a surface side 
of the SiC crystal. Fig, 1 1(b) is a model view showing a 
structure lb with a nanotube 13b. Refen-ing to Fig 
1 1(b). a substrate with a SiC crystalline layer on a foun- 15 
daCon layer 14b composed of Si is used, and the nano- 
tube film 13b is formed from a partial thickness portion 
of a surface side of the SiC crystal. In the structure lb 
the base plate portion 12b is composed of those por- 
tions of a SiC crystal 1 1 b where the nanotube film is not so 
to be formed and the foundation 14b. Rg. il{c) Is. a 
model view showing a structure 1c with a nanotube film 
13c. Refemng to Rg. 11(c). the nanotube film 13c is 
formed on one surface of a base plate portion 12c com- 
posed of SiC. over a certain area thereof as well as over as 
a partial thickness portion thereof. 
10043] In this structure, a nanotube film of the same 
nature as observed In the nanotube film manufactured 
according to the methods as set forth in claims 4 
through 8 Is provided on the surface of the base plate 30 
portion. Therefore, this structure Is applicable to a 
device, a device utilizing quantum effects, a emitter of a 
transistor, a flat-panel display, a negative pole of a lith- 
ium-Ion battery and the like. 

10044] In the aforementioned structure, the base plate 3S 
portion is not limited to any specific thickness. Tlie nan- 
otube film is also not limited to any specific thickness. 
However, if the structure Is used for the aforementkmed 
purposes, the thickness of the nanotube fOm ae. the 
length of the cartxKi nanotubes) ranges preferably from 4o 
0.01 to SO^m. more preferably from 0.05 to 2|im, and 
still more preferably from 0.1 to lOjim. Furthermore, it Is 
preferable that 50% or more (more preferably. 70% or 
more) of the carbon nanotubes constituting the nano- 
tube f Bm extend along such a direction as to fbmi 45^ or 45 
less (more preferably. 30* or less; and still more prefer- 
ably. 15» or less) with a thickness direction of the nano- 
tube film. In addition, the continuously formed nanotube 
firm preferably has an area equal to or larger than 3cm2. 
More preferably, it has an area equal to or larger than so 
5cm^. 

[0045] As described hitherto, the method of manufac- 
tunng carbon nanotubes according to the present inven- 
tion makes it possible to obtain cartwn nanotubes with 
high yields as well as high purity, by using a method ss 
completely different from conventional ones, that is, a 
method of removing silicon atoms from SiC. The 
method of manufacturing a nanotube film according to 



the present invention makes it possible to easily manu- 
facture a nanotube film, which was conventionally diffi- 
cult to manufacture, if this method is used, it is also 
possible to obtain a nanotube film with a terge area. 
Accordingly, the methods of manufacturing carbon nan- 
otubes and a nanotube film according to the present 
invention are highly useful in the fieWs of electronics 
material separation films and tiie like. 
[0046] In the structure equipped with a nanotube fflm 
according to the present invention, the nanotube film is 
provided on tiie surface of the base plate portion. Thus 
thts structure is highly useful in the fields of electronics' 
gas separation f Hms and the like. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0047] 

Figs. 1(a) through 1(c) are model views showing 

how a nanotube film is generated according to a 

method of the present invention. 

Rg. 2 is a TEM photograph showing the crystal 

structure of a SIC particle having the nanotube film 

manufactured aiccording to Example 1 . 

Fig. 3 is a TEM photograph showing the crystal 

structure in the vidnity of a^suifacf of the nanotube 

film shown In Rg. 2. ® 

Fig. 4 is a TEM photograph showing the nanotube 

film formed on the plane 1 of the SiC particle shown 

in Fig. 2. 

Fig. 5 Is a TEM photograph showing the nanotube 
film formed on the plane 2 of the SiC parti'de shown 
in Rg; 2. 

Rg. 6 is a TEM photograph showing the nanotube 
fflm formed on the plane 3 of the SIC partide shown 
In Rg. 2. 

Rg. 7 is a TEM photograph showing the nanotube 
fiImformedontheplane4of tfie SiC partide shown 
in Rg. 2, 

Rg. 8 is a TEM photograph showing the crystal 
structure in the vicinity of the surface of the SIC par- 
tide when a sample shown in Fig. 2 has been fur- 
ther heated. vT 
Rg. 9 is a TEM photograph showing the crystal 
structure in the vicinity of the surface of the SIC par- 
tide when the sample shown in Rg. 2 has been fur- 
ther heated. 

Rg, 10 is a TEM-photogcaph-showing^the«crystal 
structure in the vidnity of the surface of the SIC par- 
tide when the sanfple shown in Rg. 2 has been fur- 
ther heated. 

Rgs. 1 1 (a) through 1 1 (c) are cross-sectional model 
views showing an example of a structure equipped 
with the nanotube film of the present invention. 
Rg. 12 is a cross-sectional view showing a sample 
case used in heating the sanple in Example 2. 
Rg. 1 3 is a explanatory view schematfcally showing 
a carbon heater used in heating the sanple in 
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Exarrple 2. 

Fig. 14(a) is a TEM photograph showing a cross- 
section of the structure equipped with the nanotube 
film manufactured according to Example 2, andi Fig. 
14(b) is a TEM photograph showing the tips of car- 
bon nanotubes shown in Fig. 14(a) on a enlarged 
scale. 

Fig. 15 is a photograph showing an electron diffrac- 
tion pattern Including the SIC crystal and the carbon 
nanotubes of the structure equipped with the nano- 
tube film manufactured according to Example 2. 

BEST MODES FOR CARRYING OUTTHE INVEN- 
TION 

[0048] The present invention will be described herein- 
after in further detail based on exanpies thereof. 

(Example 1) 

[0049] The present example 1 is a example In which a 
YAQ laser beam is used as heating means. 
[0050] A SiC sintered compact that has been lightly 
sintered underthe condition of 1650'C x 30min. was cut 
Into a length of 3mm.. a wkfth of 5mm and a thickness of 
0.1mm 60 as to be used as a?sampl& TWs^Sie-CTitesd 
compact essentially consists of p-SiC and Is partially In 
the process of a transition to a-Sie. 
[0051] The aforementioned sample was heated and 
observed using a TEM that is equ^ed with a sample 
heating device (manufactured by Nippon Electronics 
Inc., named ''JEOL-4000FX *, and having an accelerat- 
ing voltage of 400kV). By using optical fibers, the afore- 
mentioned sample heating device transmits a 
continuously oscillated YAO laser beam to a electron 
microscope and condenses the YAG laser beam onto 
the sample, thereby heating the sample within the elec- 
tron mlaoscope. A substantially central portion of the 
aforementioned sample was Irradiated with the YAQ 
laser beam in an area of 0O.2--O.3mm. 
[0052] The temperature of the sample was measured 
In a non-oontacting state by utilizing a f ber optical sys- 
tem to Introduce the radiation energy emitted from the 
heated sample Into a detector. 

[0053] Fig. 2 Shows a p-SiC particle that was 
observed at a location sllghtiy distant from the center of 
an In-adiation range of the laser beam when the sanple 
was~heated'ior14G0«e at-a-tlegreo-of vacuum of 10*^ 
Ton- and a heat-ifls rate of 80<>C/sec. and maintained at 
the temperature for tiiree minutes. It is observed that a 
SiC removed layer has a thickness of approximately 
0. 1 ^m in the vfclnity of the surface of the particle. It has 
been confirmed through EDS, observation of a EF-TEM 
(energy filtering transmission electron microscope), 
EELS and a result of an electron diffraction figure that i 
the SiC removed layer is subjected to carbonization due 
to removal of silicon atoms It is to be noted herein that 
numerals 1 through 4 in Rg. 2 denote respective planes 



of the aforementioned particle. The plane 1 con-e- 
spondst aplane(1ll}of p-SiC. 
[0054] Fig. 2 reveals that the SiC removed layer has a 
fiber-like stnjcture extending substantially along the 
s thidvtess direction of the layer. Fig. 3 shows a part of 
surface portion of the plane 1 shown in Fig. 2, which 
surface portion is observed with a high resolution. It is 
observed tfiat the aforementioned tiber-like structure' 
is composed of cartjon nanotubes that are densely ori- 
10 ented along the thickness direction of tiie layer. 

[0055] Figs. 4 tfirough 7 show ttie planes 1 through 4 
of the particle «hown in Fig. 2 respectively on an 
enlarged scale. It is apparent that a nanotube film that is 
composed of carbon nanotubes having a substantially 
15 equal lengtii and oriented along the thickness direction 
is formed on each of the plane& As shown in Fig. 4. tfie 
plane 1 exhibits a particulariy good orientation of the 
carbon nanptiijes. 

[0056] Rgs. 8 through 10 show tiie aforementioned 
20 sample further heated to 1 600«»C at a degree of vacuum 
of 10* Torr after being healed to 1400"»C under tiie 
aforementioned conditions. As the sample rose in tem- 
perature, it was observed that the cartjon nanotubes 
cannibalize each other and some of tfiem grew further. 
S5 ft Is evident from Rgs. 8 ttirough 1 0 that the ttius-grown 
tubes have a hollow structure with its end closed. 
[0057] In Figs. 9 and 10. the entire SiC particle has 
been changed into cartx>n nanotubes due to tiie high 
temperature. It is conskfered ttiat tfie caibons disorderiy 
30 arranged wittiin ttie particle have served as a feed 
source to promote nanotubulatlon. 
[0058] In each of Rgs. 2 ttvough 10. tiie portion Irra- 
diated with the YAQ laser beam for heating purposes is 
observed. However, the generation of cartxan nano- 
3S tubes was observed on ttie sample heated tiirough heat 
conduction also at a location out of the Irradiation rage 
of the laser. Accordingly, even in tiie case where tiie 
sample is heated to a predetermined tiemperature using 
heating means other than irradiation with a laser beam, 
40 It is considered that caibon nanotubes will be gener- 
ated. 

[0059] Under an observation during a heating proc- 
ess, the sample is In-adiated with electron beams. How- 
ever, since caibon nanotubes have been formed on 
45 another portipn that was observed after completion of 
the heating process, it Is concluded that tiie. generation 
of carbon nanotubes does not necessitate Irradiation 
with electron beams. 

so (Example 2) 

[0060] The present example 2 is an example In which 
a heating furnace is used as heating means. 
[0061] An a-SiC single crystal wafer (in the shape of 
55 a flat plate having a dimension of 5x5x0.4mm) was 
used as a sample. As shown in Fig. 12, a carbon plate 
41 of high purity was laid on a bottom of a cover- 
attached carbon case 4 serving as a case for the sam- 
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pie (having a dimension of 013Oxl3Omm), and the 
aforementioned wafer 5 was horizontally set thereon 
with Hs minor surfece ((0001) plane) facing ifjwards. 
Then, the cover 43 having an extiaust hole 42 of 05mm 
in a central portion thereof was dosed. These were 5 
accommodated in a cartx>n heater 6 shown in Rg. 13 . 
and heated under the following conditions. It is to be 
noted in Hg. 13 that reference numerals 61 and 62 
denote a exothermic body and a bench for the sample 
case respectively. 

[heating concfitions] 



[0062] 



IS 



degree of vacuum; 1 xl O"'* Ton- 
heating furnace; a cartwn heater manufactured by 
Fuji Electric Wave Industry Inc. and named "high 
multi-1 0000 furnace* 

type of exhaustion; an oil diffusion punp and a 20 
rotary pump 

measurement of tenperature; thermo-couples are 
used below 1200'>C and a pyrometer attached to 
the heating furnace is used at 120Q«C or higher, 
heat-ip rate; the temperature first rises from a room 2s 
temperatute-to-ISOOee. in an hour and reaches 
1 700-C In thejiext thirty minutes. Then, the sample 
is-maintalned.«t 1 700*C for thirty minutes, 
cooling-down rate; the temperature l^ls to 1000*0 • 

In thirty minutes and the sanple Is subjected to fur- .30 
nace cooling. 

(00631 Rg. 1 4(a) shows an observed Image of a TEM 
cross-section of the sample that has been obtained by 
means of dimpling and Ion thinning. It is to be noted as 
herein that a black portion in the lower part Is a SIG 
crystal. There is a contrast observed among streaks 
having a uniform thickness of O.ISjim and. extending 
perpendicular to the surface of the SIC crystal. These 

streaks are formed of a carbon layer that has been left 40 
as a result of deconvsosftion and removal of silteon 

atoms due to the heating process of SiC. This fact was 
also-confirmed by an elemental analysis, which proved 
that the streaks are essentially made of carbon. 
[00641 Rfl. 14(b) shows an enlarged Image off the tips 45 
of the carbon nanotubes shown In Rg, 14(a). TWs 
Image has revealed that the densely arranged cartoon 
naBDtubes-%vi1h a cross-sectionaJ diameter of 2'-5nm 
form a orientation film. 

[00651 As shown in Rg. 1 4(a), the carbon nanotubes so 
are linear and substantially of an equal length. It has 
also been revealed that the length of the carbon nano- 
tubes (the thickness of the nanotube film) can be con- 
trolled easily by adjusting temperature, time and degree 
of vacuum. For example, in the case where the sample ss 
was heated under the condition that "the temperature 
rises from 1200X to 1500* in thirty minutes- instead of 
the condition that Ihe temperature rises firom 1200<*C to 



1 700' in thirty minutes- while ail the other heating con- 
ditions remained unchanged, the length of the cartwn 
nanotubes turned out to be SOnm (O.OSiim). 
[00661 Rg. 15 shows an electron beam diffraction pat- 
tern including the SiC crystal and the carbon nanotubes 
of the aforementioned sample. The diffraction pattern 
indicates that the direction of inddence of the electron 
beam is parallel to the direction [110] of SiC ad the 
direction of reflection of 002 of graphite is completely 
perpendicular to the direction tOOl) of SiC. The reflec- 
tion of 002 of graphite is sharp and indicates that the 
cartjon nanotubes exhibit a very high degree of orienta- 
tion. It has been measured using this diffraction pattern 
that the lattice constant off the graphite constituting the 
cartxn nanotubes is 0.344nm. 
[0067] The present invention is not Umited to the afore- 
mentioned concrete examples, and these exanples are 
susceptible of various mocfifications within the scope of 
the present invention In accordance with the purpose 
and usage thereof. 

Claims 

1. A method of manufacturing carbon nanotubes, 
characterized in that silicon atoms are removed 
from a SiC crystal due to a heating process of saki 
SIC crystal under vacuum. 

2. The method according to claim 1, wherein sakI vac- 
uum has a degree of vacuum ranging from 10"^ to 
10*"Torr. 

3. The metfiod according to claim 1 or 2, wherein said 
heating process is canled out at a temperature 
ranging from 1200 to 2200<*C. 

4. A method, of manufacturing a cariaon nanotube film 
that l8 composed of a muHitude of caritxjn nano- 
tubes 80 oriented as to extend along a thickness 
direction of tiie fflm, characterized in that silicon 
atoms are removed from a SiC crystal due to a 
heating process of said SiC crystal under vacuum. 

5. The method according to claim 4, wherein said vac- 
uurri has a degree of vacuum ranging from 10*® to 
lO-^Torr. 

6. The method according to claim 4 or 5, wherein said 
heating process is carried out at a temperature 
ranging from 1400 to 2000»C. 

7. A method of manufacturing a carbon nanotube ffilm, 
characterized in that a SiC single crystal film is 
fonned on a surface of a substrate and said SiC sin- 
gle crystal film is tiien heated under vacuum to 
remove silicon atoms therefrom and in that the car- 
bon nanotiije fBm that is composed of a multitude 
of carbon nanotubes so oriented as to extend along 
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a thickness direction of said SiC single crystal film 
is formed over at least a partial thickness portion of 
a surface side of said SiC single crystal film. 

8. A method of manufacturing a carbon nanotube film, s 
characterized in that a SiC substrate is heated 
under vacuum to remove silicon atoms from said 
SiC substrate and in that the carbon nanotube film 
that is composed of a multitude of cartoon nano- 
tubes so oriented as to extend along a thictaiess io 
direction of said SIC substrate Is formed over at 
least a partial thickness portion of a surface side of 
said SiC substrate. 

9. A structure equipped with a carbon nanotube film. i$ 
comprising a base plate portion and the cartxjn 
nanotube film that is composed of a multitude of 
carbon nanottfces formed on a surface of said base 
plate portion and so oriented as to extend along a 
thickness direction thereof, characterized In that so 
said cart}on nanotube film is formed by beating 
under vacuum a substrate having at least a surfece 
layer composed of a SIC crystal to remove silicon 
atoms f^om said SIC crystal. 
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FIG.2 
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FIG.3 
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FIG.5 
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FIG.6 
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FIG. 10 
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FIG. 14 
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